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Abstract 


Proton-proton elastic scattering is investigated within the framework of the one pion 
exchange model in an attempt to model nucleon-nucleon interactions spanning the 
large range of energies important to cosmic ray shielding. A quantum field theoretic 
calculation is used to compute both differential and total cross sections. A scalar 
theory is then presented and compared to the one pion exchange model. The theo- 
retical cross sections are compared to proton-proton scattering data to determine the 
validity of the models. 

1 Introduction 

An accurate understanding of the elementary particle interactions in the energy range of the 
galactic cosmic ray (GCR) spectrum is important for the shielding of sensitive equipment and 
personnel on long duration space missions [1]. The cosmic ray spectrum ranges from approxi- 
mately 100 MeV (10 6 eV) to 1 ZeV (10 21 eV) with the region from 100 MeV to 10 GeV containing 
the bulk of the flux [2, 3]. While there are many models of the nuclear interactions that work 
well in a specific energy range, there is no single theory that gives calculable cross sections for 
the 100 MeV to 10 GeV energy region of high flux, let alone the complete cosmic ray spectrum. 
In order to determine the validity of current models of the strong force at energies of importance 
to the shielding of galactic cosmic rays, the one pion exchange model (OPEM) is investigated 
in this work. The OPEM has been shown to work well as a description of the nucleon-nucleon 
interaction in the energy region of 1-10 GeV [4], In the OPEM, the interaction of nucleons 
is mediated by the exchange of a pion. The pion couples to the nucleons via a pseudoscalar 
interaction, and the invariant amplitude is calculated in a full field theoretic framework which 
includes spin and isospin. 

Recently, the NASA heavy ion transport code, HZETRN, was extended to include the effects 
of pion and muon production in the meson and muon transport code MESTRN [1], An important 
production mechanism of pions in the energy range of .5 to 3 GeV is through an intermediate 
resonance state. This region of energy is of significance to space radiation shielding because the 
galactic cosmic ray flux peaks there. The A-resonance has been shown [5] to account for the 
majority of the pion production cross section near 1 GeV. Currently, MESTRN does not include 
the production of particles from an intermediate resonant state. 

MESTRN uses parameterizations of the inclusive cross section, p + p — > + X (where X 

is everything else allowed in the reaction), using high energy data for the direct production of 
pions from proton-proton interactions. In fact, due to the scarcity of total cross section (a) data 
for this inclusive process, Lorentz invariant differential cross section (E'^f) parameterizations 

were numerically integrated to get spectral cross section points [6]. These numerically 
integrated points were then used as “data” to fit parameterizations of the spectral cross section 
for pion production from proton-proton collisions. The preciseness of the spectral cross section 
parameterizations is limited by both the accuracy of the original parameterization of the Lorentz 
invariant differential cross section and the accuracy of the spectral cross section parameterization 
of the numerically integrated Lorentz invariant differential cross section parameterization. The 
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numerically integrated parameterizations were compared to total cross section data by Blattnig 
et al. in reference [6]. These data were very limited for the charged pions, consisting of only 
3 data points in the laboratory kinetic energy range of approximately 10-25 GeV. From the 
perspective of radiation transport, this is not as desirable as one might hope, since the GCR 
spectrum peaks around 1 GeV/nucleon and drops by about an order of magnitude near 10 
GeV/nucleon [2]. Since all of these issues stem from the parameterizations used, it would be 
useful to have the cross sections used in MESTRN developed from the physics of the interaction, 
not simply parameterizations. The addition of cross sections based on physical models and the 
inclusion of intermediate resonance states into MESTRN is the ultimate goal of this research. 

A promising theoretical mechanism for including the A-resonance is through the one boson 
exchange model (OBEM) [7]. The OBEM is an extension of the OPEM that uses the exchange 
of virtual mesons in addition to the pion to mediate the strong force at low energies where 
perturbative quantum chromo dynamics (QCD) is unfeasible. As a first step in the implementa- 
tion of this model into the physics of MESTRN, proton- proton elastic scattering is considered 
using the framework of the OPEM. In general, however, nucleon-nucleon elastic scattering is 
important to transport codes that include trapped radiation and solar radiation environments. 
The theoretical cross sections of the OPEM, both total and differential, are then compared to 
experimental data. 

Deterministic transport codes require simple formulas for both total and differential cross 
sections in order to minimize the computational power required for shielding analysis. With 
that in mind, the simplest possible theories should be used whenever possible and therefore a 
scalar theory is presented in addition to the OPEM. The scalar theory is based on the theory 
presented by Griffiths [8] and Kraus [9], called ABC theory. It is presented as a full quantum 
field theory and is compared to both the OPEM and experimental data in an attempt to give 
insight into the importance of spin at these energies. 

2 Pseudoscalar Theory: One Pion Exchange Model 

In the one pion exchange model, a virtual pion is used to mediate the force between two inter- 
acting nucleons. As the lightest meson, the pion has the longest interaction range and therefore 
is the dominant mechanism at low energies. As the incident nucleon’s energy increases, the 
interaction range decreases, and the theoretical cross sections fit to the data should worsen. The 
inclusion of heavier bosons and multiple boson processes to the exchange mechanism has been 
shown to fit the data well at higher energies [10]. 

The Feynman rules for the OPEM with pseudoscalar coupling of the pion to the nucleon are 
presented below and the Feynman diagrams are shown in Figure 1. 

1. Interaction Lagrangian: 


£nNN = -ig-KNN^lbT ■ TT'P. 


2. Vertex: 


—ig-wNNlbTi. 


( 1 ) 

(2) 
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3 . Propagator: 


iSij 

q 2 - ml 


(3) 


In the above, T is the nucleon field and 7r is the pion field, r are the usual Pauli isospin matrices. 
75 is the product of Dirac gamma matrices and is equal to — *70717273- 9wNN is the coupling 
constant of the pion- nucleon- nucleon vertex and q is the momentum of the exchange particle, the 
pion. In Equation 1 , one can expand the fields as 'hr • 7 T'b = \/ 2 pmT~ + npn + + ppir° — nnir 0 
(see Appendix A). 


2.1 Invariant Amplitude 

For proton-proton (pp) elastic scattering, the t channel (direct channel) amplitude is given by 
Feynman’s rules corresponding to Figure 1 (a), 

iM d = IJ ^ nN ^ ( T 3 Ti 75 ^ 1 ) ( \p 4 Tj 75 T 2 ) . (4) 

The u channel (exchange channel) amplitude for pp elastic scattering, corresponding to Figure 
1 (b), is given as 

iM e = iSij(J7tN ^ ^ ' 4 r i 7 5 ^ 1 )(T 3 rj7 5 T 2 ), (5) 

u — 

where T,; = 'P(p l ). t and u are defined as 

t = (pi-p 3 ) 2 , 

u = ( Pi -P a ) 2 , 

and pi is the 4 -momentum of the ith particle. 

Now, isolate the isospin terms in the invariant amplitudes and group them together in the 
following way, 


( 6 ) 

( 7 ) 


SijTiTj = TiTi = I. ( 8 ) 

It should be noted that the isospin factors, I, must be the same for both the direct and ex- 
change channels since this is proton-proton elastic scattering. For clarity, the terms Id and I e , 
corresponding to the direct and exchange terms, will remain in the calculation until the very 
end. 

To compute the cross section, square the total invariant amplitude and sum over the final 
spin states and average over the initial spin states. 

\ E \ M \ 2 = I E (l-^l 2 + l-^l 2 - M dMe - MIMd). (9) 

spins spins 
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Figure 1: The Feynman diagrams of the direct and exchange amplitudes that contribute to the proton- 
proton elastic scattering process. 


Now, look at each term in Equation 9 separately. 

\ E \ M d\ 2 = E 4#3^(®476«i)(*476®i)^®376«2)(®376«2)*. (10) 

spins spins v n 

Use the following to simplify Equation 10. 

(§i75^-)* = ^757 o^ = ^7570 = -^7o75^i = (H) 

Using this, one obtains 

1 o 4 1 2 

4 E \ M ^ = E 4g?^(*476®i)(®i76®4)(®376*2)(®2^3). ( 12 ) 

spins spins ' ^ 

The sum over the spins is performed using the convention of Peskin and Schroeder [11] where 

=^ + m, (13) 


where '/ t 


\ E 

spins 

7 nPi and 


$-ti)* Tr[{ *4 + '5(^1 + m p)7 5] 

xTr[(^ 3 + mp) 75(^2 + "ip)75], 


TV (odd number of gammas) 


7575 


0, 


( 1 

0 

0 

0 ^ 

0 

1 

0 

0 

0 

0 

1 

0 

\0 

0 

0 

1 / 


(14) 

(15) 

(16) 
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Using the above, evaluate the traces to obtain the direct contribution to the invariant amplitude, 


1 


Ei^ 


d\ 2 - , '.'P' (-#3 • n + W)(-4p 4 • p-2 + 4 m 2 ). 


spins 


4 (t — m 2 ) 2 
From Equations 6 and 7, one can see that 

t = (pj - p 3 ) 2 


= P 1 +P 3 - 2 Pi ■ P3 

= 2m 2 -2p\ ■ p :h 
1 


P\ ■ P '3 = rn p - -t, 


but t = (p 2 — Pi) 2 also. This implies that 


P2-Pi=Pi-P3 = m v - -t. 


Examination of the Mandelstam variables u and s yields 



U 

= (Pi 

-Pa) 



= (P2 

-P3) 



2 

1 

Pi 

■Pi 

= m p 

~~ 2 U 



2 

1 

P2 

' P3 

= m p 

_ 2 U 


S 

= {pi 

+ P 2 ) 



= (P3 

+ Pi) 



1 

2 

Pi 

■P2 

2 S 

-m p 



1 

2 

P3 

■Pi 

2 S 

-nip. 


Returning to Equation 10, one can make some simplifications. 

siNN^d 
4 (t - ml) 

dt-NN^d 


1 E 1 " 


d \ 2 = 


2 42 (~ 4 P3 • Pi + 4?Bp)(-4p 4 • p-2 + 4 m 2 v ) 


spins 


4( t _ m 2)2 (- 4 ( m P - 2*) + 4m p)( _4 ( m p “ 2 ^ + 4m 
(t — m 2 ) 2 ' 


(17) 

(18) 

(19) 

(20) 

( 21 ) 

( 22 ) 

(23) 

(24) 


(25) 
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To calculate the second term in Equation 10, replace t — > u in Equation 25. Therefore, 




spins 


9t N N l2 e U 2 

(u — m 2 ) 2 

Upon calculating the first cross term, one finds 

9nNN^d^ e 


= E 


spins 


A( , 2 w 2 ,(^475^l)(^375^2) 

4(t — m*)(u - m *) 

3) 

Tr[(/ 4 + m p )7 5 (^ 1 + m p ) 


spins 

X (^275^4) (^175^3) 
fJ^NN^d^e 


4 (f — m 2 )(u — 777.2) 

X7 5 (^3 + 777p)7 5 (/ 2 + 77lp)7 5 ] 

9nNN^d^ e U 1 2\2 /I 2\2 

n x / — 777,, — (-S — 777„ 

4(t-m2)(u-m2) lv 2 v 2 


Looking at the other cross term, 

= 


E 


9‘nN N I die 


-(^275^3) (^175^4) 


spins 


4 [t — m 2 )(u — m 2 ) 

2 ) 

Tr[{tf 2 + 777^)75(^3 + m p ) 75 


spins 

x(T 3 7 5 Ti)(T475^2) 

9 -jrNN^d.I, 


4 (t - m 2 )(u — m 2) 

x/ 4 + r77.p)75(^4 + 777p)7 5 ] 

9 nNN ^ d^ e r /I 2\2 /I 2\2 

— 7. . 5- (-77-?77„) -(-S-?77„) 

4(t — m 2 )(u — m 2 ) LV 2 p ' 2 p ' 

+(^“ Wp) 2 -4mJ]. 


( 26 ) 


(27) 


(28) 


Also, note that in the case of elastic scattering, the isospin factors are both equal to unity 
(/^ = I e = 1). Therefore, the total spin averaged and summed invariant amplitude is 


1 


Eixi 


2 4 

— 9 ttNN ( 


+ 


spins 


(t. — 777.2)2 (u — m 2 ) 2 4(t — 7Tl 2 )(u — m 2 ) 


{\u - m 2 p) 2 - S - ^p ) 2 + (^t - m 2 ) 2 - 477 ?p 


(29) 
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2.2 Cross Section 


Now that the invariant amplitude is calculated, the next step is to calculate the total cross 
section. The differential cross section is given as 



spin 

(30) 

where 

A ij = (s - mf - mj) 2 - 4mfmj, 

(31) 


A 12 = s(s-4m,p), 

(32) 


s = (P1+P2) 2 





cm 5 

(33) 


and the statistical factor S is given by j, for j identical particles in the final state. In the case 
of elastic scattering of protons, S = h. The total cross section is then 


(T = 


f to da , 
—dt. 
f dt 


The limits of the integration (see Appendix B for a derivation) are given as 
to(U) = [(m\ - ml - m\ + m \ ) 2 - (\7Ai2 =F \/ku ) 2 ] , 


(34) 


(35) 


which yields 


t 0 = 0, (36) 

t n = 4 nip — s. (37) 

To simplify the calculation, the total cross section is broken into parts: the direct, exchange, 
and interference parts, 


c — O'd, T a e + cr«- 

This method simplifies the integration. A new variable, K , is defined as, 


IC = 


167rAl2 


9nNN 


327 rs(s — 4m^) ’ 


The direct channel cross section is 




a d = K 


= K 


t z 


(t — ml) 2 


dt 


( s - 4mp)(4?rip — 2 ml — s) 
4 m 2 — s — ml 


+ 2 mzln 


mz 


s + ml — 4m^ 


(38) 


(39) 


(40) 
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For the exchange channel, one notices that 


u 

du 

tix 

to 


This implies that 


4 nip — s — t, 

— dt , 

uo, 

ILft . 

r l o o, 2 


a e = K 
= K 

— & e* 


% (u-ml ) 2 


dt 


Uml-S (u- ml) 2 


du, 


The interference cross section is 


(Ti = ~ 


K 

~2 

I< 

~2 

K 

”2 


r to {\u — ml) 2 — (^s — ml) 2 + {\t — ml) 2 — 4 m. 


pj ' v 2 v > ^ 


(t - ml)(u — ml) 


l t 2 + t(bs — 2 ml) — 3 mi. 


p dt 


U m*-8 (t ~ m 2 )(4m 2 -s-t- ml) 

2 1 |(s + 2m 2 ) 2 - - m 2 {s + 2m 2 ) 

2 s + ^ In 

p 2 s + 2m| — 4m,p 


s + ra£ — 4mp 
ml 


Therefore, the total cross section is 


(7 — (J d T U e (7i 

9 ttNN 


167ts(s — 4?n^) 


{s - 4m 2 )(4m 2 - 2ml - s) 

b 2 m_m 


4m| — s — 


2 1 |0 + 2m 2 ) 2 -m*- m 2 (s + 2m 2 ) 

2m - -s 4 — ^ 1 % In 

p 2 s + 2m2 — 4m| 


m~i 


s + 777,2 — 4m2 

s + ml — Am 2 
ml 


(41) 

(42) 

(43) 

(44) 


(45) 

(46) 


(47) 


(48) 


3 Scalar Theory: Scalar One Pion Exchange Model 

A simple scalar theory is presented in reference [8] (often called ABC theory) and provides a 
good check of whether spin is important to calculations of this kind. In this theory, only scalar 
fields couple to each other. The rules of this theory for elastic scattering are given below. 

1. Interaction Lagrangian: 

scalar = igAAB. (49) 

2. Vertex: 


-ig. 


(50) 



3. Propagator: 


i 

q 2 — ml 

In the above equations, A and B are scalar fields obeying the Klein-Gordon equation, g is the 
coupling constant, and once again, q is the exchange particle 4-momentum. 



3.1 Invariant Amplitude 

With this simple theory, one can immediately write down the total invariant amplitude. 


M = 


9 


+ 


9 


t — ml u — rri: 


To compute the total cross section, square the invariant amplitude A4. 


\M \ 2 = 


+ 


+ 


2 g 4 


(t — ml) 2 {u — m^l) 2 (t — ml)(u — ml) 


(52) 


(53) 


3.2 Cross Section 


To calculate the total cross section, we follow the method used for the pseudoscalar theory and 
consider the terms of Equation 53 separately in evaluating the total cross section. Similar to 
Equation 30, 


da 

dt 


S 


167rAi2 


- \M \ 2 , 


(54) 


with A 12 being defined in Equation 32. 

The total cross section is given by Equation 34 with the limits specified by Equation 35. 
Once again, the statistical factor S = \. Again, define a variable N to make our equations 
simpler. 


N 


g A s 

167rAi2 


327 rs(s — 4 m 2 ) ' 


(55) 


The direct channel cross section (the contribution from the first term in Equation 53) is 





1 

(t - ml) 2 


dt 


N 


o 


ml — t 


4rrip—s 



1 

s + ml - 



( 56 ) 
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Once again, it is shown that = <r e . Recall that 


u = A nip — s — t, 
du = — dt , 

tn Wo, 

tQ ^-7T * 


It can once again be shown that 


r*o 


°e = N 


= N 


1 


1 


dt 


Uml-s {u- ml) 2 


du , 


^ &d — &e- 

All that remains is to calculate the interference term. 

/•to i 

<ji = 2N 

= 2 N 


% (t-ml){u-m 2 ) 

f o / 


dt 


Uml-s (t ~ m 2 ){Am 2 - s-t- ml) 


2N 


s + 2 ml — 4 m 2 


AN 


s + 2 ml — Am 2 


In 


In 


t + s + ml — Ami 


t — ml 

s + ml — 4 m 2 
ml 


dt 


4777 , 2—5 


Therefore, the total cross section is 


<7 — 

1 


= 2N 


+ 


ml s + ml — Am 2 


s + 2ml — Am^ 


In 


s + ml — Am 2 p 


mt 


167ts(s — Ami) 


ml s + ml — Am^ 


+ 


s + 2 ml — Ami 


In 


s + ml — Ami 
ml 


(57) 

(58) 

(59) 

(60) 


(61) 

(62) 


(63) 


(64) 


(65) 
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4 Total Cross Section in the Asymptotic Region 


Now that the total cross sections for both the scalar theory (Equation 65) and the OPEM 
(Equation 48) have been calculated, the theoretical cross sections are investigated to make sure 
that they do not have any odd behavior that may cause problems when the cross sections are 
used in computer codes such as MESTRN. The first thing to examine is the limit of the cross 
section as s approaches its threshold value of 4 rrip. The scalar theory gives 


lim O scalar — 


3 g 4 


s— 


647 :m^m^ 


( 66 ) 


The OPEM gives: 


lim oop EM = 


g A {m \ + 6 m.p) 
1024m|m^ 


(67) 


From both a physical understanding viewpoint and an applications perspective, the cross section 
must be well behaved in order to have physical meaning and application. In this case, both 
models are finite at threshold energy. 

The cross sections should also obey the Froissart bound [12] which states that 


lim o total < c(log s)' 


(68) 


where c is a constant and o to tai is the elastic plus inelastic cross section. 

Next, compute the limits of the cross sections as s — > oo. The scalar theory gives 


lim o sca i ar — 0, 
s — »oo 


(69) 


and the OPEM model gives 


lim o opem = 0. (70) 

s— XX) 

While the Froissart bound applies to the inelastic plus the elastic cross section, it is still a good 
test of the physical validity of our theories. Both the OPEM and the scalar model elastic cross 
sections obey the Froissart bound (see Figure 2). 

The result that, in the limit of large s, the theoretical cross sections go to zero is not 
surprising. As the energy increases, the likelihood of an inelastic reaction occurring increases as 
more inelastic channels become available. This decreases the possible phase space available to 
the elastic channel, thus decreasing the likelihood of an elastic interaction. 

5 Comparison of the Models 

Now that the models have been developed, they must be compared to experimental data (see 
Appendix D) to determine their usefulness. To do this, the coupling constant is left as a free 
parameter and used to fit the value of the theoretical curve to the experimental data at one 
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point. When the scalar theory is compared to the pseudoscalar theory, over all energy ranges 
and for the majority of the data sets, the scalar theory is the better fit (see Figures 3-40). This 
is especially true for the invariant differential cross sections in the region of t close to zero, as will 
be discussed below. In general, the pseudoscalar pion exchange of the OPEM tends to severely 
underestimate the invariant differential cross section in this region. While the scalar theory fits 
the data well in this region, as t approaches 0 it tends to overestimate the data (see below). 

As another test of how well these theories fit the data, a simple parameterization [13] is also 
introduced. For the total cross section, the Bertsch parameterization (units of mb) gives: 


cr(\/s) 


55 

35 

7 r + 20 

1 + 200 (s - 1.8993 


if \fs < 1.8993 GeV 
if y/s > 1.8993 GeV, 


and for the invariant differential cross section, it gives 


da 

dt 


ae 


bt 


where b is defined as 


b(Vs) 


6(3.65(y / s — 1.866)) 6 
1 + (3.65(y / s — 1.866)) 6 ’ 


and the variable a is taken as a parameter that is used to fit to the data. 


(71) 


(72) 


(73) 


5.1 Total Cross Section 

An overall view of the total cross section curves, along with experimental data from the Particle 
Data Group [14] in the momentum range of 0 to 10 GeV is shown in Figure 3. Figure 3 shows 
the OPEM and the scalar model providing a good fit to the data in the low energy region. As 
will be discussed in the next section, the scalar theory does an excellent job of fitting the data in 
this region. As the momentum increases, the OPEM and the scalar theory fall off too quickly to 
represent the experimental data when using a coupling constant appropriate for low momentum. 
A discussion of this is presented below. 

Figure 4 shows that the scalar and pseudoscalar pion exchange models fit the data well 
below approximately .5 GeV. The scalar theory does slightly better compared to the OPEM 
for this momentum range. When the incident lab momentum, pi a b , becomes greater than .5 
GeV the theoretical curves fall off very quickly compared to the data. In the .5 GeV to 1 GeV 
momentum range, both models begin to slightly underestimate the data. The parameterization 
of Bertsch [13] (labeled as Bertsch on the graphs) works well for 1 GeV > pi a b > .5 GeV but 
is definitely not appropriate below .5 GeV since it has a discontinuity at pi a b = .3003 GeV and 
underestimates the cross section in this region significantly. This can be seen in Figure 4. 

As the incident particle momentum in the lab frame increases, the theoretical curves for 
both the OPEM and scalar model are shown to be poor representations of the data (see Figure 
5). This is partially due to the decaying functional form of the model cross sections. In the lab 
momentum range of 1 to 2, GeV the Bertsch parameterization works well. 
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As the lab momentum is increased further, the Bertsch parameterization begins to overes- 
timate the data. This behavior begins in the 2 to 5 GeV region (see Figure 6). It is at this 
point that the relative error of the Bertsch parameterization begins to increase steadily to ap- 
proximately 100% for the entire momentum range of 5 GeV to 50 GeV, while the OPEM and 
scalar model both underestimate the data (see Figure 7). This signals the failure of the models 
and indicates the need for a more complex theory to account for the larger cross section in this 
momentum range. The failure of the models at high energies is not a suprise. Any theory based 
solely on the exchange of a pion should begin to fail at higher energies as heavier exchange 
particles become more important. 

5.1.1 The Coupling Constants 

As was shown in Figure 3, the coupling constant used to fit the experimental data in the very low 
momentum region does not fit the experimental data at higher momentum. Using the momentum 
ranges of 1-2 GeV, 2-10 GeV and 10-50 GeV, the coupling constant for both the OPEM and 
the scalar model were varied to determine if the data could be broken up into momentum 
regions and ascertain whether different coupling constants could be used to reproduce the data 
in these regions. This is shown in Figures 5-7. In general, it was found that increasing the 
coupling constant of either theory led to the exaggeration of the curvature of the theoretical 
cross section. This is due to the coupling constant being a multiplicative parameter in the cross 
section formulas. Increasing the coupling constant inherently shifts the curves up slightly, but 
due to the quick decay of the cross section, simply changing the coupling constant is not enough 
to produce exact fits to the data. 

In Figure 5, the data seem to be approximately constant over the momentum range. The 
models, however, have decreasing slope. The increased coupling constant fits the data much 
better than the one used in the very low momentum region for both theories, but does not have 
the correct slope. 

Figure 6 shows that the OPEM fits the data very well with a coupling constant value of 11.5. 
The scalar theory does fairly well also, but the curve falls off faster than the OPEM. 

In the 10 to 50 GeV range (Figure 7), the experimental cross section becomes constant again 
and both theories fall off too quickly with increasing momentum to fit the data precisely. 

5.2 Invariant Differential Cross Section 

In Figures 8-40, the invariant differential cross section ((%) data collected by various experiments 
is presented and compared to the models and the parameterization. For each momentum value, 
a unique coupling constant was fit to the data for each of the different theories and for the 
Bertsch parameterization. It is important to note that the coupling constant for the scalar 
theory has dimensions of energy, while the coupling constant of the OPEM is dimensionless, and 
an analysis of the coupling constants was not performed. 

5.2.1 Data from Albrow et al., 1970 

For Figures 8-10, data were taken from Albrow et al. [15] at 3 different momenta. At pi a b = 
1.118 GeV (Figure 8), the theoretical curves, especially the OPEM theory, work quite well. The 
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OPEM fits the data at this momentum well with only a few percent error for the majority of 
the data points. As the incident lab momentum is increased to 1.38 GeV (Figure 9), the scalar 
theory becomes a slightly better fit than the OPEM, while the Bertsch parameterization is a 
relatively poor fit. At = 2.74 GeV (Figure 10), the fit to the data is better for the Bertsch 
parameterization than the theoretical curves. 

5.2.2 Data from Dobrovolsky et al., 1988 

For the data taken from Dobrovolsky et al. [16], which are all at low momentum (1.39 GeV to 
1.68 GeV) and correspond to values of t very close to zero, the Bertsch parameterization is the 
best fit to the data. This is shown in Figures 11-14. The slopes of the two theoretical curves 
are too steep to fit the data well in these regions. 

5.2.3 Data from Jenkins et al., 1980 

In Figures 15-22, the data of Jenkins et al. [17] with a momentum range of 1.896 GeV to 
8.022 GeV are compared with the 3 curves. One thing to note is that as t approaches zero, 
the differential cross section should increase [17] and therefore the data points that fall off as t 
approaches zero should be disregarded. With this in mind, over the whole momentum range the 
scalar theory is the closest fit. The slope of the Bertsch parameterization is too steep to fit the 
data well over the whole range of t. The OPEM does fit the data well in the region further away 
from zero. The scalar theory does a very good job of fitting the data. The only area where it 
seems to have some problems is at the lowest momentum, where it tends to underestimate the 
cross section data. 

5.2.4 Data from Ambats et al., 1974 

In Figures 23-26, the data were taken from Ambats et al. [18] and is in the momentum range 
of 3.00 GeV to 6.00 GeV. These data were taken over a wide range of t values. As t approaches 
zero, for all values of momentum in these data sets, the curves fall away from the data fairly 
significantly. At approximately t > — .5 GeV 2 , the OPEM begins to increasingly underestimate 
the data. As t continues to get closer to zero, the scalar theory starts to overestimate the cross 
section while the parameterization of Bertsch tends to underestimate it. This trend is true across 
the entire data set. Notice that at values of t away from zero, the scalar theory does a very good 
job of fitting the data. This can especially be seen in Figures 24-26. 

5.2.5 Data from Baglin et al., 1975 

At a lab momentum of 9 GeV, the data of Baglin et al. [19] are used in Figure 27. The theoretical 
curves of the scalar theory and OPEM both fail when fit to this data set. As has been seen in 
previous data sets, the OPEM does not start rising in value until too close to zero to be able 
to fit the data well. In the case of the scalar theory, it does not have a steep enough slope to 
fit the data well but still gives a good general trend for the data. The Bertsch parameterization 
does a good job in the steeply increasing section near t = — 1 GeV 2 but underestimates the cross 
section in the region t < — 1 GeV 2 . 
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5.2.6 Data from Brandenburg et al., 1975 

When the 3 curves are plotted against the data presented by Brandenburg et al. [20] (Figure 
28), the data are fit well by both the scalar theory and the Bertsch parameterization. These 
experimental data were taken at pi a b = 10.4 GeV. The OPEM severely underestimates the data 
in the t range close to zero. Figure 28 is another instance of the scalar theory being a good fit 
to the differential cross section data except in the t range close to zero. Surprisingly, the scalar 
theory fits the data fairly well in the t range far from zero. 

5.2.7 Data from Beznogikh et al., 1973 

The data gathered by Beznogikh et al. [21] are presented in Figures 29-35. These data spanned 
the momentum range of 9.43 GeV to 30.45 GeV. The t values for this data set were all very 
close to zero. All the curves follow the general trend of the data. For one set (pi a b = 13.16 
GeV, Figure 30), the OPEM seems to do well, but overall the theoretical curves and the Bertsch 
parameterization are poor fits. Again, the tendency of the models to not fit the data well in the 
region of t close to zero is observed. 

5.2.8 Data from Edelstein et al., 1972 

In Figures 36 to 39, the data gathered by Edelstein et al. [22] were compared with the theoretical 
curves and the Bertsch parameterization. Those data were at higher momentum (9.9 GeV to 
29.7 GeV) where the theoretical models are not thought to be valid. This data set spans a much 
larger t range than the Beznogikh data set and was used to determine how well the theoretical 
models are doing overall at higher momentum. Surprisingly, the scalar theory fits the data well 
up to pi a b = 29.7 GeV, as shown in Figure 39. The OPEM continues the general trend of doing 
well in the t range far from zero but severely underestimates the experimental cross section in 
the t region close to zero. 

6 Conclusions 

Two quantum field theoretic models of proton-proton elastic scattering were presented. One 
theoretical model, the one pion exchange model, contains full spin and isospin dependence, 
while the other theoretical model presented is based solely on scalar fields. The models were 
used to develop total and invariant differential cross sections that were then compared to data 
and a simple parameterization. 

When the models were compared to the total cross section data available, it was found 
that the scalar theory was the best fit to the data below lab momentum of .5 GeV. This is an 
interesting result considering the simplicity of the scalar theory. Above a lab momentum of 3 
GeV, both the theories and the Bertsch parameterization do poorly as fits to the total cross 
section data using the same coupling constant that was used in the very low momentum region. 
Increasing the coupling constant was found to give a better fit. The fit to the data, however, is 
not as good as was found in the very low momentum region. 
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For the invariant differential cross section data, the analysis is less straightforward. The data 
of seven papers were presented and the models were compared to these data, which included a 
laboratory momentum range of 1.38 GeV to 30.45 GeV. Over the complete data set that was 
investigated, the OPEM was the poorest fit. The scalar model and the Bertsch parameteriza- 
tion fit the data very well, until t approached zero (corresponding to the center of mass angle 
approaching zero). In the t close to zero range, the scalar theory tended to overestimate the 
data while the Bertsch parameterization underestimated. They both had a comparable error 
until the data came very close to zero, where the scalar theory tended to severely overestimate 
the data. The models began to fail when the laboratory momentum reached approximately 10 
GeV. 

With this analysis complete, the use of the OPEM by itself as the basis of the physics of 
proton-proton elastic scattering used in a radiation transport code (i.e. MESTRN) can be ruled 
out by the fact that in the regions in which it does work well, the scalar model does a better job 
of fitting the data. There is hope, however, that a more robust theory which includes heavier 
boson exchanges may make up for the failure of the OPEM. On the other hand, the scalar theory 
is the best model for total cross section in the momentum range below .5 GeV and can be used 
as a physical model of proton-proton elastic scattering. 

For the case of the invariant differential cross section, the scalar model was the overall best 
fit to the data. The Bertsch parameterization has a major downfall in this case. Figure 40 shows 
the curves corresponding to the two theoretical models and the Bertsch parameterization plotted 
over the full physical region of t. The two theoretical models show the classic shape of two body 
differential cross sections (similar to Rutherford scattering), while the parameterization displays 
a simple exponential curve. This is disappointing considering the Bertsch parameterization is 
the best fit overall to all the data investigated in this paper. The scalar theory does a good job of 
fitting the data but overestimates in the t close to zero region. The scalar theory, however, was 
found to have the surprising result of fitting the differential data well at much higher incident 
momentum than would be expected of a simple scalar theory. The OPEM is a much poorer fit 
compared to the scalar theory as a general rule. 

There is another subtlety associated with using the invariant differential cross sections of this 
paper in a transport code like MESTRN. The coupling constants were used as a free parameter 
to fit the data. The coupling constants were all found to vary with the laboratory momentum 
of the incident particle. The coupling constant for the OPEM varies from g n NN = 1-54 to 
dnNN = 56.77. While the coupling constant for the scalar theory varies from g = 3.633 GeV 
to g = 25.10 GeV and the coupling constant for the parameterization of Bertsch varies from 
a = 24.14 rnb/GeV 2 to a = 4.3 x 10 9 mb/GeV 2 . This fitting procedure used in this paper 
allows the cross sections to be calculated only at the lowest order. The coupling constant then 
simulates the additional information contained in the higher order diagrams in the perturbation 
series. A detailed analysis would have to be performed to determine how the coupling constant 
should vary to achieve the best fit to the data over the entire physical momentum range. 

In conclusion, the first step towards using cross sections based on physical interactions in 
NASA’s radiation transport code MESTRN has begun with the investigation of proton-proton 
elastic scattering. It was found that a simple scalar model works very well in the low energy 
region when considering the total cross section and that more work needs to be done in the high 
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energy region to develop a physical model that fits the data well. The GCR spectrum ranges 
from about 100 MeV to 10 EeV (10 19 eV), with the majority of the flux contained in the 100 
MeV to 10 GeV region [2, 3]. There is no single theory that gives calculable cross sections for 
the 100 MeV to 10 GeV energy region of high flux, let alone the entire 14 orders of magnitude 
spanned by the complete cosmic ray spectrum. 

Future work will include a detailed analysis of the coupling constants used in this paper 
and explore the effects of including higher order diagrams in the perturbation series. In addi- 
tion, work needs to be done developing cross sections for other fundamental processes based on 
physical models, and the production of particles from intermediate resonance states must be 
investigated to obtain accurate cross sections, especially for pion production. 
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Appendix A Expansion of the OPEM interaction Lagrangian 


This is a derivation of the expansion of the • 7 tT term that appears in the 
Lagrangian of the OPEM (Eq. 1 ). 

If we define the pion fields and the Pauli isospin matrices as 


7T = 


7 r = 


r = 


T(t 1± ;t 2 ), 


r = t 3 , 


this implies that 


T ■ TV = Ti7Ti + T27T2 + T37T3 

= T + TT~ + T _ 7T + + T 0 7T°. 


Using 



T = (p n ), 


allows us to write 

C-kNN 


= -ig-KNN^lhT ■ ^ 


= -ig^NNip n) 75 




0 1 
0 0 


7T 


+ V2 


0 0 
1 0 


7T 


+ 


1 0 
0 -1 


7T 


= -igwNN(V2p7 5 mv + A/2n75p7T + +P75P7T 0 - n75n7T°). 


interaction 

( 74 ) 

( 75 ) 

( 76 ) 

( 77 ) 

( 78 ) 

( 79 ) 

( 80 ) 
( 81 ) 

( 82 ) 

( 83 ) 

( 84 ) 
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Appendix B Derivation of to and t n 

This is the derivation of the limits of integration for Equation 35. In any reference frame, 


t = (pi- p 3 f 

= ( El -E 3 ) 2 -( Pl -p 3 ) 2 . (85) 

Now, look at only the momentum piece: 

(. P 1 -P 3 ) 2 = |Pi! 2 + IPsI 2 -2 Pi P 3 

= \pi\ 2 + Ip 3 I 2 -2|Pi||p 3 l cos0 

= |Pi| 2 + |p 3 | 2 - 2 |Pi||p 3 |(l - 2sin 2 °-) 

= (|Pil - |P3l) 2 + 4 |Pil|P3l sin2 ^ (86) 

where 9 is the angle between the vectors p 1 and p 3 . 

The values used in Equation 35 are defined for angles in the cm frame to = t(9 cm = 0) and 
t n = t{9 cm = 7 r). Using these values in Equation 86, one finds 


*0 — {El, cm ^3,cm) {\Pl,cm\ \P3,cm\) i (87) 

tn = (El'Cm ~ E 3 .cn) — (|Pl jCm | + \P 3 ,cm\) ■ ( 88 ) 

Now, E\ crn and E 3 , cm need to be cast into functions of s and the masses of the particles. 


s = {pi +P 2 ) 2 = (P3 +Pi) 2 - 

yTs = E l 

,cm T E'2_cm — E 3 cm + £ 4 , cm 
Now, use the relations for the cm reference frame, 

E\^cm Pl,cm E m,i, 

E%, cm = P2,cm + m 2i 

along with \p\ cm \ = |p 2 ,cml> to obtain 

Vs = E 1>cm + y / Ef cm - m\ + m|. 
Squaring both sides and simplifying yields 


E\ .cm — 


s + m\ — rn? 2 


2\A 


(89) 

(90) 


(91) 

(92) 


(93) 


(94) 
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By a similar process, the value for E^ tCm is given as 


Es 


,cm 


s + TO 3 — m\ 

2 7^ 


(95) 


To complete the derivation, \p l cm \ and \p 3 cm \ need to be rewritten in terms of A12, A34 and 
s. From Equation 90, 


S — (-Ed, cm T E-2 ) cm)~ 

= cm + E 2 cm + ‘2‘E\ cm E2, C m 

= P\cm + ml + P 2 l,cm + ml + 2 Y/(Pl,cm + m l)(Pl,cm+" l 2) > ( 96 ) 

where we have used the fact that \p l cm \ = \p 2 cm \. Simplifying Equation 96 gives 

4 s Pi,cm = (s — mf — m 2 ) 2 + 4mfm| 

= Ai 2 . (97) 


Therefore, 

Ipi iC toI = (98) 

By a similar process, the value of |p 3 cm | is given as: 


IP 3 ,ctoI = ][***■ (") 

Substituting Equations 94, 95, 98 and 99 into Equations 87 and 88 gives us the final results 

t 0 = ~ m 2 - m l + m\) 2 - (\A12- V^) 2 ] (100) 

t n = - ml - m\ + ml) 2 - (\Ai2 + \A34) 2 ] (101) 
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Appendix C Figures of Model Comparison to Experimental Data 



s [GeV 2 ] 


Figure 2: Comparison of the cross sections for the scalar theory and OPEM to the Froissart bound 
(Equation 68) [12]. Notice that the curves for the scalar theory and the OPEM lie almost on top of one 
another. 
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Figure 3: Comparison of the theoretical curves for OPEM, scalar theory and the parameterization of 
Bertsch [13] to data from the Particle Data Group [14] in the lab momentum range of pi a b = 0—10 GeV. 



Figure 4: Comparison of the theoretical curves for OPEM, scalar theory and the parameterization of 
Bertsch [13] to data from the Particle Data Group [14] in the lab momentum range of pi a b = 0 — 1 GeV. 
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Figure 5: The OPEM (top) and the scalar theory (bottom) versus the parameterization of Bertsch [13] 
compared to data from the Particle Data Group [14] in the lab momentum range of pi a b = 1 — 2 GeV. 
for a variety of different coupling constants. 
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Figure 6: The OPEM (top) and the scalar theory (bottom) versus the parameterization of Bertsch [13] 
compared to data from the Particle Data Group [14] in the lab momentum range of pi a f, = 2—10 GeV. 
for a variety of different coupling constants. 
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Figure 7: The OPEM (top) and the scalar theory (bottom) versus the parameterization of Bertsch [13] 
compared to data from the Particle Data Group [14] in the lab momentum range of pi a b = 10 — 50 GeV. 
for a variety of different coupling constants. 






Figure 8: The OPEM (g^NN = 6.740), scalar theory ( g = 7.515 GeV) and the parameterization of 
Bertscli (a = 135.7 rnb/GeV 2 ) [13] compared to data from Albrow et al. [15] at pi a b = 1.18 GeV. 



Figure 9: The OPEM (g^NN = 6.868), scalar theory (g = 7.662 GeV) and the parameterization of 
Bertscli (a = 135.7 mb/GeV 2 ) [13] compared to data from Albrow et al. [15] at pi a b = 1.38 GeV. 


28 






Figure 10: The OPEM (g^NN = 7.529), scalar theory (g = 9.463 GeV) and the parameterization of 
Bertscli (a = 98.62 rnb/GeV 2 ) [13] compared to data from Albrow et al. [15] at pi a b = 2.74 GeV. 



Figure 11: The OPEM (g^NN = 6.499), scalar theory {g = 4.020 GeV) and the parameterization of 
Bertscli (a = 114.4 mb/GeV 2 ) [13] compared to data from Dobrovolsky et al. [16] at pi a b = 1-399 GeV. 
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Figure 12: The OPEM (g^NN = 6.852), scalar theory ( g = 4.224 GeV) and the parameterization of 
Bertscli (a = 119.2 rnb/GeV 2 ) [13] compared to data from Dobrovolsky et al. [16] at pi a b = 1.457 GeV. 



Figure 13: The OPEM (g^NN = 7.621), scalar theory (g = 4.490 GeV) and the parameterization of 
Bertscli (a = 126.9 mb/GeV 2 ) [13] compared to data from Dobrovolsky et al. [16] at pi a b = 1-629 GeV. 
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Figure 14: The OPEM (g^NN = 7.482), scalar theory ( g = 4.113 GeV) and the parameterization of 
Bertscli (a = 126.9 rnb/GeV 2 ) [13] compared to data from Dobrovolsky et al. [16] at pi a b = 1.686 GeV. 



Figure 15: The OPEM (g^NN = 5.988), scalar theory (g = 7.058 GeV) and the parameterization of 
Bertscli (a = 139.5 mb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pi a b = 1.896 GeV. 
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Figure 16: The OPEM (g^NN = 5.793), scalar theory (g = 7.227 GeV) and the parameterization of 
Bertscli (a = 403.3 mb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pi a b = 2.015 GeV. 



Figure 17: The OPEM (g^NN = 5.912), scalar theory ( g = 7.269 GeV) and the parameterization of 
Bertscli (a = 606.0 mb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pub = 2.139 GeV. 
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Figure 18: The OPEM ( g n NN = 5.714), scalar theory (g = 7.634 GeV) and the parameterization of 
Bertsch (a = 495.7 rnb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pi a b = 2.508 GeV. 
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Figure 19: The OPEM (g^NN = 4.760), scalar theory (g = 7.222 GeV) and the parameterization of 
Bertsch (a = 14550 mb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pi a b = 3.410 GeV. 
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Figure 20: The OPEM (g^NN = 3.186), scalar theory (g = 5.94 GeV) and the parameterization of 
Bertscli (a = 1.31 x 10 6 mb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pi a b = 5.055 GeV. 



Figure 21: The OPEM (g^NN = 2.240), scalar theory {g = 4.754 GeV) and the parameterization of 
Bertscli (a = 7.29 x 10 6 mb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pi a b = 6.57 GeV. 
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Figure 22: The OPEM (g W NN = 1-540), scalar theory ( g = 3.633 GeV) and the parameterization of 
Bertscli (a = 4.31 x 10 9 mb/GeV 2 ) [13] compared to data from Jenkins et al. [17] at pi a b = 8.022 GeV. 



Figure 23: The OPEM (g^NN = 9.141), scalar theory {g = 9.668 GeV) and the parameterization of 
Bertscli (a = 81.53 mb/GeV 2 ) [13] compared to data from Ambats et al. [18] at pi a b = 3.00 GeV. 
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Figure 24: The OPEM (g^NN = 9.821), scalar theory ( g = 10.94 GeV) and the parameterization of 
Bertscli (a = 81.73 rnb/GeV 2 ) [13] compared to data from Ambats et al. [18] at pi a b = 3.65 GeV. 



Figure 25: The OPEM (g^NN = 10.85), scalar theory {g = 12.19 GeV) and the parameterization of 
Bertscli (a = 66.87 mb/GeV 2 ) [13] compared to data from Ambats et al. [18] at pub = 5.00 GeV. 
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Figure 26: The OPEM (g^NN = 11-77), scalar theory (g = 12.93 GeV) and the parameterization of 
Bertsch (a = 58.08 rnb/GeV 2 ) [13] compared to data from Ambats et al. [18] at pi a b = 6.00 GeV. 



Figure 27: The OPEM (g^NN = 3.751), scalar theory (g = 7.489 GeV) and the parameterization of 
Bertsch (a = 25.67 rnb/GeV 2 ) [13] compared to data from Baglin et al. [19] at pi a b = 9.0 GeV. 
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Figure 28: The OPEM (g^NN = 12.00), scalar theory ( g = 16.52 GeV) and the parameterization of 
Bertsch (a = 46.87 rnb/GeV 2 ) [13] compared to data from Brandenburg et al. [20] at pi a b = 10.4 GeV. 



Figure 29: The OPEM (g^NN = 27.45), scalar theory (g = 8.578 GeV) and the parameterization of 
Bertsch (a = 100.3 rnb/GeV 2 ) [13] compared to data from Beznogikh et al. [21] at pi a b = 9.43 GeV. 
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Figure 30: The OPEM (g^NN = 34.54), scalar theory (g = 13.88 GeV) and the parameterization of 
Bertscli (a = 70.49 rnb/GeV 2 ) [13] compared to data from Beznogikh et al. [21] at pi a b = 13.16 GeV. 



Figure 31: The OPEM (g^NN = 38.32), scalar theory ( g = 15.36 GeV) and the parameterization of 
Bertscli (a = 69.13 mb/GeV 2 ) [13] compared to data from Beznogikh et al. [21] at pi a b = 15.52 GeV. 
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Figure 32: The OPEM (g^NN = 44.44), scalar theory ( g = 12.19 GeV) and the parameterization of 
Bertscli (a = 89.03 rnb/GeV 2 ) [13] compared to data from Beznogikh et al. [21] at pi a b = 19.23 GeV. 



Figure 33: The OPEM (g^NN = 50.54), scalar theory (g = 19.36 GeV) and the parameterization of 
Bertscli (a = 66.29 mb/GeV 2 ) [13] compared to data from Beznogikh et al. [21] at pi a b = 24.56 GeV. 


40 






Figure 34: The OPEM (g^NN = 50.07), scalar theory (g = 18.90 GeV) and the parameterization of 
Bertsclr (a = 63.72 rnb/GeV 2 ) [13] compared to data from Beznogikh et al. [21] at pi a b = 27.53 GeV. 



Figure 35: The OPEM (g^NN = 56.77), scalar theory ( g = 21.34 GeV) and the parameterization of 
Bertscli (a = 62.98 rnb/GeV 2 ) [13] compared to data from Beznogikh et al. [21] at pi a b = 30.45 GeV. 
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Figure 36: The OPEM (g^NN = 6.042), scalar theory (g = 15.01 GeV) and the parameterization of 
Bertsch (a = 35.29 rnb/GeV 2 ) [13] compared to data from Edelstein et al. [22] at pi a b = 9.900 GeV. 



Figure 37: The OPEM (g^NN = 3.617), scalar theory (g = 15.61 GeV) and the parameterization of 
Bertsch ( a = 24.14 rnb/GeV 2 ) [13] compared to data from Edelstein et al. [22] at pi a b = 15.100 GeV. 
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Figure 38: The OPEM (g^NN = 9.975), scalar theory (g = 21.76 GeV) and the parameterization of 
Bertsclr (a = 47.42 rnb/GeV 2 ) [13] compared to data from Edelstein et al. [22] at pi a b = 20.000 GeV. 



Figure 39: The OPEM (g^NN = 19.62), scalar theory {g = 25.10 GeV) and the parameterization of 
Bertscli (a = 30.45 rnb/GeV 2 ) [13] compared to data from Edelstein et al. [22] at pi a b = 29.700 GeV. 
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Figure 40: Comparison of the theoretical curves for OPEM, scalar theory and the parameterization of 
Bertsch [13] for the full physical range of t at pi a b = 3.00 GeV. 




Appendix D Experimental Data 


Table 1: Data for Figure 3 through Figure 10 taken from the 
Particle Data Group [14]. Note that 1.0E+01 is defined as 
l.OxlO 1 . 



Max. 

Min. 

Experimental 

St at. 

Stat. 

Systematic 

Systematic 

Plab 

Plab 

Plab 

Cross Section 

Error 

Error 

Error 

Error 

(GeV) 

(GeV) 

(GeV) 

(mb) 

Max. (mb) 

Min. (mb) 

(+%) 

(-%) 

0.14 

0.14 

0.14 

314 

13 

13 

0 

0 

0.19 

0.19 

0.19 

155 

2 

2 

0 

0 

0.24 

0.24 

0.24 

92 

1 

1 

0 

0 

0.28 

0.28 

0.28 

70 

1 

1 

0 

0 

0.31 

0.31 

0.31 

52.8 

6 

6 

0 

0 

0.35 

0.35 

0.35 

42.5 

0.4 

0.4 

0 

0 

0.37 

0.37 

0.37 

37.4 

2.3 

2.3 

0 

0 

0.39 

0.39 

0.39 

33.9 

2 

2 

0 

0 

0.43 

0.43 

0.43 

28.5 

1.3 

1.3 

0 

0 

0.44 

0.44 

0.44 

27.7 

1.3 

1.3 

0 

0 

0.49 

0.49 

0.49 

24.8 

0.8 

0.8 

0 

0 

0.54 

0.54 

0.54 

25.2 

1.2 

1.2 

0 

0 

0.57 

0.57 

0.57 

26.1 

1 

1 

0 

0 

0.59 

0.59 

0.59 

23.2 

1.9 

1.9 

0 

0 

0.61 

0.59 

0.63 

24.4 

0.24 

0.24 

0 

0 

0.66 

0.65 

0.67 

25.8 

2 

2 

0 

0 

0.69 

0.69 

0.69 

22.4 

0.9 

0.9 

0 

0 

0.72 

0.72 

0.72 

22.4 

1.8 

1.8 

0 

0 

0.75 

0.75 

0.75 

22.6 

1.3 

1.3 

0 

0 

0.76 

0.74 

0.78 

23.7 

0.21 

0.21 

0 

0 

0.83 

0.83 

0.83 

24.3 

1 

1 

0 

0 

0.83 

0.82 

0.84 

24.3 

1 

1 

0 

0 

0.85 

0.84 

0.86 

23.2 

0.5 

0.5 

0.5 

0.5 

0.98 

0.96 

1 

24 

1 

1 

0 

0 

1 

0.99 

1.01 

25.8 

0.5 

0.5 

0.5 

0.5 

1.01 

0.99 

1.02 

24 

2 

2 

20 

20 

1.04 

1.04 

1.04 

22 

2 

2 

0 

0 

1.11 

1.1 

1.12 

25.8 

0.5 

0.5 

0.5 

0.5 

1.13 

1.13 

1.13 

24 

5 

5 

0 

0 

1.17 

1.17 

1.17 

25.2 

0.8 

0.8 

0 

0 

1.21 

1.19 

1.22 

25 

2 

2 

20 

20 

1.22 

1.21 

1.23 

25.3 

0.5 

0.5 

0.5 

0.5 
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Table 1: continued 



Max. 

Min. 

Experimental 

St at. 

Stat. 

Systematic 

Systematic 

Plab 

Plab 

Plab 

Cross Section 

Error 

Error 

Error 

Error 

(GeV) 

(GeV) 

(GeV) 

(mb) 

Max. 

Min. 

(+%) 

(-%) 

1.23 

1.23 

1.23 

24.2 

1.6 

1.6 

0 

0 

1.28 

1.28 

1.28 

25.1 

0.8 

0.8 

0 

0 

1.29 

1.29 

1.29 

23 

2 

2 

0 

0 

1.29 

1.29 

1.29 

24.7 

1 

1 

0 

0 

1.32 

1.31 

1.33 

24.6 

0.5 

0.5 

0.5 

0.5 

1.42 

1.42 

1.43 

24.3 

0.6 

0.6 

0.5 

0.5 

1.46 

1.44 

1.49 

21 

2 

2 

20 

20 

1.48 

1.36 

1.59 

24 

3 

3 

0 

0 

1.53 

1.52 

1.54 

24.1 

0.5 

0.5 

0.5 

0.5 

1.63 

1.63 

1.63 

26 

3 

3 

0 

0 

1.66 

1.66 

1.66 

26.8 

2.3 

2.3 

0 

0 

1.66 

1.64 

1.68 

24.8 

0.9 

0.9 

0 

0 

1.69 

1.68 

1.7 

24.7 

0.5 

0.5 

0.5 

0.5 

1.69 

1.69 

1.69 

28.2 

2.1 

2.1 

0 

0 

1.7 

1.67 

1.72 

19 

3 

3 

20 

20 

1.79 

1.77 

1.8 

22.7 

0.5 

0.5 

0.5 

0.5 

1.89 

1.87 

1.9 

22.5 

0.5 

0.5 

0.5 

0.5 

1.99 

1.98 

2 

22.1 

0.5 

0.5 

0.5 

0.5 

2.2 

2.2 

2.2 

22.2 

3.4 

3.4 

0 

0 

2.23 

2.23 

2.23 

19.86 

0.73 

0.64 

0 

0 

2.8 

2.8 

2.8 

16.3 

1 

1 

3.5 

3.5 

2.81 

2.81 

2.81 

19.21 

0.48 

0.48 

1.5 

1.5 

3 

3 

3 

17.2 

0.7 

0.7 

4 

4 

3.04 

3.01 

3.06 

17 

3 

3 

15 

15 

3.65 

3.65 

3.65 

15.2 

0.6 

0.6 

4 

4 

3.67 

3.64 

3.7 

15.32 

0.76 

0.76 

0 

0 

4 

3.96 

4.04 

13.5 

0.3 

0.3 

0 

0 

4.15 

4.1 

4.2 

11.6 

2.6 

2.6 

0 

0 

4.8 

4.8 

4.8 

14.4 

1.2 

1.2 

3.5 

3.5 

5 

5 

5 

12.7 

0.5 

0.5 

4 

4 

5.26 

5.21 

5.3 

10 

2 

2 

15 

15 

5.52 

5.51 

5.53 

11.99 

0.25 

0.25 

0 

0 

5.96 

5.96 

5.96 

10 

2.1 

2.1 

0 

0 

6 

6 

6 

11.5 

0.5 

0.5 

4 

4 

6.6 

6.59 

6.61 

11.47 

0.33 

0.33 

0 

0 

6.8 

6.8 

6.8 

11.79 

0.22 

0.22 

0 

0 
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Table 1: continued 



Max. 

Min. 

Experimental 

St at. 

Stat. 

Systematic 

Systematic 

Plab 

Plab 

Plab 

Cross Section 

Error 

Error 

Error 

Error 

(GeV) 

(GeV) 

(GeV) 

(mb) 

Max. 

Min. 

(+%) 

(-%) 

6.8 

6.8 

6.8 

10.6 

0.6 

0.6 

3.5 

3.5 

6.92 

6.85 

7 

11.4 

0.5 

0.5 

0 

0 

7.03 

6.96 

7.09 

8 

2 

2 

15 

15 

7.08 

7.08 

7.08 

9.7 

1 

1 

0 

0 

7.08 

7.08 

7.08 

9.8 

0.9 

0.9 

0 

0 

8.1 

8 

8.2 

10.8 

0.4 

0.4 

0 

0 

8.5 

8.5 

8.5 

8.74 

0.4 

0.4 

0 

0 

8.8 

8.8 

8.8 

11.71 

0.22 

0.22 

0 

0 

8.8 

8.8 

8.8 

9.8 

0.3 

0.3 

0 

0 

8.9 

8.9 

8.9 

10.1 

0.5 

0.5 

3.5 

3.5 

9 

9 

9 

10.84 

0.32 

0.32 

0 

0 

9.11 

9.1 

9.12 

10.8 

0.8 

0.8 

0 

0 

9.39 

9.39 

9.39 

8.6 

0.8 

0.8 

0 

0 

9.89 

9.89 

9.89 

10 

3 

3 

0 

0 

9.9 

9.8 

10 

10.2 

0.5 

0.5 

15 

15 

10.01 

10 

10.02 

10.2 

0.6 

0.6 

0 

0 

10.8 

10.8 

10.8 

11.04 

0.22 

0.22 

0 

0 

10.9 

10.9 

10.9 

9.9 

0.5 

0.5 

3.5 

3.5 

12 

12 

12 

9.87 

0.23 

0.23 

0 

0 

12 

12 

12 

9.85 

0.2 

0.2 

0 

0 

12.1 

12.1 

12.1 

10.4 

1.7 

1.7 

0 

0 

12.8 

12.8 

12.8 

10.89 

0.3 

0.3 

0 

0 

13.2 

13.2 

13.2 

8.87 

0.29 

0.29 

3.5 

3.5 

14.8 

14.8 

14.8 

10.48 

0.32 

0.32 

0 

0 

14.91 

14.91 

14.91 

11 

4 

4 

0 

0 

15 

15 

15 

8.13 

0.3 

0.3 

0 

0 

15.1 

14.95 

15.25 

9.7 

0.5 

0.5 

15 

15 

15.5 

15.5 

15.5 

9.2 

1.4 

1.4 

0 

0 

15.5 

15.5 

15.5 

8.75 

0.29 

0.29 

3.5 

3.5 

16.2 

16.2 

16.2 

9.36 

0.49 

0.49 

0 

0 

16.7 

16.7 

16.7 

9.74 

0.37 

0.37 

0 

0 

18.6 

18.6 

18.6 

10.2 

1.8 

1.8 

0 

0 

18.9 

18.9 

18.9 

8.59 

0.17 

0.17 

3.5 

3.5 

19 

19 

19 

8.7 

0.5 

0.5 

0 

0 

19.2 

19.2 

19.2 

9.4 

1.3 

1.3 

0 

0 

19.6 

19.6 

19.6 

9.64 

0.44 

0.44 

0 

0 
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Table 1: continued 



Max. 

Min. 

Experimental 

St at. 

Stat. 

Systematic 

Systematic 

Plab 

Plab 

Plab 

Cross Section 

Error 

Error 

Error 

Error 

(GeV) 

(GeV) 

(GeV) 

(mb) 

Max. 

Min. 

(+%) 

(-%) 

20 

19.8 

20.2 

9 

0.5 

0.5 

15 

15 

21.4 

21.4 

21.4 

8 

1.6 

1.6 

0 

0 

21.7 

21.7 

21.7 

8.15 

0.16 

0.16 

3.5 

3.5 

23.5 

23.5 

23.5 

8.3 

1.2 

0.7 

0 

0 

24 

24 

24 

8.3 

0.2 

0.2 

0 

0 

24.5 

24.5 

24.5 

8.8 

0.3 

0.3 

0 

0 

24.6 

24.6 

24.6 

8.02 

0.16 

0.16 

3.5 

3.5 

26.2 

26.2 

26.2 

9.8 

2.2 

2.2 

0 

0 

27.5 

27.5 

27.5 

7.96 

0.15 

0.15 

3.5 

3.5 

29.7 

29.4 

30 

8.2 

0.6 

0.6 

15 

15 

30 

30 

30 

7.7 

0.2 

0.2 

0 

0 

30.5 

30.5 

30.5 

7.87 

0.14 

0.14 

3.5 

3.5 

33.3 

33.3 

33.3 

7.66 

0.14 

0.14 

3.5 

3.5 

36.2 

36.2 

36.2 

7.7 

0.11 

0.11 

3.5 

3.5 

38 

38 

38 

7.6 

0.1 

0.1 

3.5 

3.5 

40.6 

40.6 

40.6 

7.52 

0.11 

0.11 

3.5 

3.5 

45.2 

45.2 

45.2 

7.4 

0.11 

0.11 

3.5 

3.5 

50 

49.7 

50.3 

7.61 

0.29 

0.29 

0 

0 

50 

50 

50 

7 

0.2 

0.2 

0 

0 

50 

50 

50 

7.56 

0.12 

0.12 

0 

0 

50.6 

50.6 

50.6 

7.48 

0.12 

0.12 

3.5 

3.5 

52.1 

52.1 

52.1 

7.33 

0.12 

0.12 

3.5 

3.5 

54.4 

54.4 

54.4 

7.23 

0.11 

0.11 

3.5 

3.5 

57 

57 

57 

7.21 

0.1 

0.1 

3.5 

3.5 

58 

58 

58 

7.49 

8.00E-02 

8.00E-02 

0 

0 

60 

60 

60 

6.6 

0.7 

0.7 

0 

0 

60.2 

60.2 

60.2 

7.25 

0.1 

0.1 

3.5 

3.5 

63.5 

63.5 

63.5 

6.89 

9.00E-02 

9.00E-02 

3.5 

3.5 

66.1 

66.1 

66.1 

7.07 

9.00E-02 

9.00E-02 

3.5 

3.5 

69.2 

69.2 

69.2 

6.86 

9.00E-02 

9.00E-02 

3.5 

3.5 

69.8 

69.8 

69.8 

6.86 

0.1 

0.1 

3.5 

3.5 

70 

69.58 

70.42 

7.41 

0.31 

0.31 

0 

0 

70 

70 

70 

7.1 

0.2 

0.2 

0 

0 


Table 2: Data for Figure 11 [15] at pi a b = 1-18 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ™j J r o ) 
v GeV 2 ’ 

Experimental 
Uncertainty ( f™v 2 ) 

-0.14 

47.97 

3.14 

-0.17 

46.29 

3.02 

-0.2 

46.37 

3.02 

-0.23 

44.01 

2.87 

-0.26 

43.5 

3.47 

-0.29 

41.11 

3.28 

-0.33 

36.93 

2.93 

-0.36 

38.23 

3.04 

-0.39 

37.44 

2.99 

-0.42 

35.14 

2.8 

-0.45 

34.6 

2.76 

-0.49 

34.73 

2.77 

-0.52 

34.92 

2.79 
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Table 3: Data for Figure 12 [15] at pi a b = 1-38 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV 2 ’ 

Experimental 
Uncertainty ( f™v 2 ) 

-0.16 

48.59 

2.78 

-0.2 

42.02 

2.77 

-0.23 

38.72 

2.55 

-0.27 

34.35 

2.77 

-0.31 

29.38 

1.94 

-0.35 

27.92 

2.26 

-0.39 

21.35 

1.42 

-0.44 

20.06 

1.62 

-0.48 

19.21 

1.56 

-0.52 

16.37 

1.34 

-0.56 

15.52 

1.27 

-0.6 

14.91 

1.22 

-0.65 

15.52 

1.04 
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Table 4: Data for Figure 13 [15] at pi a b = 2.74 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV 2 ’ 

Experimental 
Uncertainty ( ) 

-0.14 

42.05 

3.33 

-0.23 

23.35 

1.85 

-0.33 

15.03 

1.22 

-0.44 

7.28 

0.58 

-0.58 

4.14 

0.34 

-0.7 

2.57 

0.79 

-0.83 

1.52 

0.12 

-0.97 

1.05 

0.09 

-1.06 

1.16 

0.13 

-1.17 

0.91 

0.08 

-1.31 

0.66 

0.05 

-1.46 

0.73 

0.06 

-1.61 

0.67 

0.05 

-1.76 

0.6 

0.05 
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Table 5: Data for Figure 14 [16] at pi a b = 1.399 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00538 

116.9 

3.2 

-0.00604 

109.1 

3.0 

-0.00672 

113.2 

2.9 

-0.00744 

110.3 

2.8 

-0.00818 

106.9 

2.6 

-0.00899 

108.1 

2.6 

-0.00985 

107.8 

2.5 

-0.01074 

108.2 

2.3 

-0.01167 

112.3 

2.4 

-0.01263 

106.0 

2.2 

-0.01364 

104.2 

2.2 

-0.01468 

103.2 

2.2 

-0.01576 

105.5 

2.2 

-0.01688 

103.0 

2.1 

-0.01803 

107.2 

2.2 

-0.01923 

104.2 

2.1 

-0.02046 

103.5 

2.0 

-0.02173 

104.0 

1.9 

-0.02303 

100.8 

1.8 

-0.02437 

97.5 

1.9 

-0.02575 

100.8 

1.8 

-0.02717 

101.0 

1.8 

-0.02862 

97.5 

1.8 

-0.03011 

96.9 

1.8 

-0.03163 

96.9 

1.8 
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Table 6 : Data for Figure 15 [16] at pi a b = 1.457 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00728 

119.0 

2.5 

-0.00806 

117.2 

2.4 

-0.00890 

116.2 

2.2 

-0.00978 

113.7 

2.3 

-0.01071 

113.0 

1.9 

-0.01168 

115.8 

1.8 

-0.01269 

114.5 

1.8 

-0.01374 

111.4 

1.8 

-0.01483 

112.7 

1.8 

-0.01597 

112.5 

1.7 

-0.01714 

109.0 

1.7 

-0.01836 

110.2 

1.7 

-0.01962 

111.4 

1.7 

-0.02091 

108.7 

1.6 

-0.02225 

106.2 

1.6 

-0.02363 

103.6 

1.6 

-0.02505 

103.2 

1.6 

-0.02651 

103.8 

1.6 

-0.02801 

100.4 

1.6 

-0.02955 

101.7 

1.5 

-0.03112 

100.1 

1.5 

-0.03274 

98.4 

1.5 

-0.03440 

99.1 

1.5 
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Table 7: Data for Figure 16 [16] at pi a b = 1.629 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^ 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00641 

130.2 

2.9 

-0.00723 

130.0 

2.7 

-0.00810 

126.4 

2.6 

-0.00902 

122.6 

3.0 

- 0.01002 

120.0 

3.1 

-0.01107 

115.3 

3.0 

-0.01217 

117.3 

3.0 

-0.01333 

121.0 

3.0 

-0.01453 

121.4 

2.9 

-0.01579 

111.4 

2.9 

-0.01710 

117.9 

2.8 

-0.01846 

113.5 

2.8 

-0.01987 

114.7 

2.6 

-0.02133 

112.5 

2.5 

-0.02284 

108.0 

2.5 

-0.02440 

107.5 

2.5 

-0.02602 

105.5 

2.4 

-0.02768 

103.2 

2.4 

-0.02939 

98.5 

2.3 

-0.03115 

104.5 

2.3 

-0.03297 

97.6 

2.2 

-0.03483 

98.3 

2.2 

-0.03674 

97.6 

2.2 
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Table 8 : Data for Figure 17 [16] at pi a b = 1.686 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00701 

131 

3.5 

-0.00764 

129.6 

3.4 

-0.00827 

129.9 

3.4 

-0.00890 

127.5 

3.4 

-0.00953 

124.1 

3.3 

-0.01016 

128.3 

3.4 

-0.01079 

124.3 

3.3 

-0.01142 

123.8 

3.2 

-0.01205 

122.5 

3.3 

-0.01268 

126.2 

3.4 

-0.01331 

115.1 

3.2 

-0.01394 

120.8 

3.3 

-0.01457 

112.9 

3.2 

-0.01520 

119.2 

3.3 

-0.01583 

117.9 

3.3 

-0.01646 

115.3 

3.2 

-0.01709 

121.2 

3.3 

-0.01772 

116.5 

3.2 

-0.01835 

117.5 

3.3 

-0.01987 

115.8 

2.4 

-0.02024 

114.7 

2.3 

-0.02150 

109.1 

2.1 

-0.02276 

114 

2.3 

-0.02402 

112.8 

2.2 

-0.02528 

110.6 

2.1 

-0.02682 

107.3 

1.7 

-0.02925 

104.2 

1.7 

-0.03169 

103 

1.7 

-0.03412 

103.3 

1.7 

-0.03656 

96.9 

1.6 

-0.03900 

105.1 

1.7 

-0.04143 

97.2 

1.6 

-0.04387 

98.5 

1.6 

-0.04630 

99.7 

1.7 

-0.04874 

92.9 

1.6 

-0.05118 

91 

1.6 

-0.05361 

95 

1.6 
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Table 8: continued 


t(GeV 2 ) 

Experimental 

Cross Section (-fFtW) 
GeV 

Experimental 

Uncertainty 

-0.05605 

97.1 

1.6 

-0.05848 

93.4 

1.6 

-0.06092 

93.2 

1.6 

-0.06336 

88.4 

1.6 

-0.06579 

86.4 

1.6 

-0.06823 

85.3 

1.6 

-0.07066 

90.1 

1.6 

-0.07310 

83.6 

1.4 

-0.07554 

86.5 

1.6 

-0.00603 

135.3 

3 

-0.00686 

128.6 

2.9 

-0.00773 

132.7 

2.7 

-0.00866 

126.6 

2.7 

-0.00966 

124.2 

2.5 

-0.01072 

122.7 

2.6 

-0.01184 

122.8 

2.6 

-0.01302 

116.8 

2.4 

-0.01425 

115.1 

2.3 

-0.01554 

112.9 

2.3 

-0.01689 

113.6 

2.3 

-0.01828 

116.9 

2.3 

-0.01974 

112 

2.3 

-0.02125 

109.1 

2.2 

-0.02281 

110.7 

2.3 

-0.02442 

106.3 

2.1 

-0.02609 

105.9 

2.1 

-0.02782 

107.2 

2.1 

-0.02960 

104.3 

2 

-0.03143 

100.2 

2 

-0.03331 

102.6 

2 

-0.03525 

97.5 

1.9 

-0.03724 

97.6 

1.9 

-0.03929 

97.1 

1.9 
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Table 9: Data for Figure 18 [17] at pi a b = 1.896 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV ' 

Experimental 
Uncertainty ( ^ ^y 2 ) 

-0.475 

6900 

1020 

-0.525 

7070 

511 

-0.575 

4740 

273 

-0.625 

4510 

233 

-0.675 

3650 

196 

-0.725 

3070 

168 

-0.775 

3100 

168 

-0.825 

2500 

148 

-0.875 

2460 

141 

-0.925 

2210 

126 

-0.975 

2100 

114 

-1.025 

2190 

115 

-1.075 

1930 

108 
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Table 10: Data for Figure 19 [17] at pi a b = 2.015 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV ' 

Experimental 
Uncertainty ( ^ ^y 2 ) 

-0.525 

4160 

822 

-0.575 

4400 

354 

-0.625 

4280 

223 

-0.675 

4170 

187 

-0.725 

3340 

145 

-0.775 

2860 

124 

-0.825 

2750 

116 

-0.875 

2260 

101 

-0.925 

2140 

96.3 

-0.975 

2200 

92.2 

-1.025 

2070 

85.4 

-1.075 

2020 

78.3 

-1.125 

1970 

75.6 

-1.175 

1960 

76.8 
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Table 11: Data for Figure 20 [17] at pi a b = 2.139 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV ' 

Experimental 
Uncertainty ( ^ ^y 2 ) 

-0.475 

6900 

1020 

-0.575 

1020 

309 

-0.625 

2290 

185 

-0.675 

2960 

152 

-0.725 

2460 

114 

-0.775 

2550 

108 

-0.825 

2110 

88.1 

-0.875 

2340 

91.3 

-0.925 

1940 

77.9 

-0.975 

1830 

72.8 

-1.025 

1670 

67.1 

-1.075 

1530 

61.4 

-1.125 

1440 

55.9 

-1.175 

1480 

55.9 

-1.225 

1390 

53.5 

-1.275 

1380 

53.7 
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Table 12: Data for Figure 21 [17] at pi a b = 2.508 GeV. 



1 











Table 16: Data for Figure 25 [17] at pi a b = 8.022 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV ' 

Experimental 
Uncertainty ( ^ ^y 2 ) 

-4.25 

0.565 

0.2380 

-4.35 

0.360 

0.1890 

-4.45 

0.392 

0.1750 

-4.55 

0.850 

0.2240 

-4.65 

0.622 

0.1950 

-4.75 

0.363 

0.1380 

-4.85 

0.291 

0.1110 

-4.95 

0.373 

0.1210 

-5.05 

0.299 

0.1030 

-5.15 

0.430 

0.1170 

-5.25 

0.204 

0.0819 

-5.35 

0.0958 

0.0584 

-5.45 

0.483 

0.1150 

-5.55 

0.163 

0.0644 

-5.65 

0.316 

0.0873 

-5.75 

0.284 

0.0815 
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Table 17: Data for Figure 26 [18] at pi a b = 3.00 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV 2 ’ 

Experimental 
Uncertainty ( ) 

0.000 

109.6 

3.5 

-0.025 

98.9 

3.9 

-0.035 

93.2 

4.2 

-0.045 

81.9 

2.5 

-0.055 

77.7 

2.3 

-0.065 

71.5 

2.2 

-0.075 

67.5 

2.1 

-0.085 

58.3 

1.9 

-0.095 

58.1 

1.9 

-0.110 

49.5 

1.3 

-0.130 

45.1 

1.2 

-0.150 

39.8 

1.1 

-0.170 

34.5 

1.1 

-0.190 

28.52 

0.96 

-0.210 

23.89 

0.88 

-0.230 

21.91 

0.84 

-0.250 

20.67 

0.82 

-0.270 

17.73 

0.76 

-0.290 

15.16 

0.7 

-0.310 

13.68 

0.67 

-0.330 

11.76 

0.63 

-0.350 

9.73 

0.57 

-0.370 

9.61 

0.57 

-0.390 

7.87 

0.52 

-0.420 

7.15 

0.36 

-0.460 

5.58 

0.32 

-0.500 

4.93 

0.3 

-0.540 

3.7 

0.27 

-0.580 

2.99 

0.25 

-0.650 

2.34 

0.15 

-0.750 

1.52 

0.13 

-0.850 

0.99 

0.11 

-0.950 

0.77 

0.11 

-1.050 

0.64 

0.12 

-1.150 

0.82 

0.17 

-1.250 

0.38 

0.12 

-1.350 

0.42 

0.13 


continued on next page 


65 





Table 17: continued 


t(GeV 2 ) 

Experimental 

Cross Section ( [ n ] J 2 ) 
v GeV 2 ; 

Experimental 
Uncertainty ( ) 

-1.450 

0.5 

0.21 
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Table 18: Data for Figure 27 [18] at pi a b = 3.65 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV 2 ’ 

Experimental 
Uncertainty ( f ™ y 2 ) 

0.000 

103.4 

3.6 

-0.035 

80.9 

3.8 

-0.045 

71.9 

2.6 

-0.055 

70.4 

2.3 

-0.065 

63 

2.2 

-0.075 

59.6 

2.2 

-0.085 

55 

2 

-0.095 

51.4 

1.9 

-0.11 

45.1 

1.3 

-0.13 

40.7 

1.2 

-0.15 

33.6 

1.1 

-0.17 

30.1 

1 

-0.19 

25.26 

0.99 

-0.21 

23.19 

0.95 

-0.23 

19.62 

0.87 

-0.25 

18.24 

0.84 

-0.27 

15.66 

0.78 

-0.29 

11.84 

0.68 

-0.31 

10.29 

0.64 

-0.33 

8.86 

0.59 

-0.35 

9.13 

0.6 

-0.37 

6.91 

0.52 

-0.39 

6.59 

0.51 

-0.42 

5.63 

0.34 

-0.46 

4.83 

0.32 

-0.5 

3.9 

0.29 

-0.54 

3.05 

0.26 

-0.58 

2.54 

0.23 

-0.65 

1.85 

0.13 

-0.75 

1.09 

0.1 

-0.85 

0.95 

0.1 

-0.95 

0.69 

0.09 

-1.05 

0.65 

0.1 

-1.15 

0.43 

0.08 

-1.25 

0.4 

0.08 

-1.35 

0.26 

0.07 

-1.45 

0.28 

0.08 
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Table 18: continued 


t(GeV 2 ) 

Experimental 

Cross Section ( m ] 3 ^ ) 
v GeV 2 ; 

Experimental 
Uncertainty ( ) 

-1.55 

0.16 

0.07 

-1.65 

0.09 

0.05 

-1.75 

0.14 

0.08 
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Table 19: Data for Figure 28 [18] at pi a b = 5.00 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV 2 ’ 

Experimental 
Uncertainty ( f ™ y 2 ) 

0.000 

96.3 

3.4 

-0.035 

73.1 

2.6 

-0.045 

68.3 

2.1 

-0.055 

62.1 

1.8 

-0.065 

56.7 

1.8 

-0.075 

51.3 

1.7 

-0.085 

48.5 

1.6 

-0.095 

42.4 

1.5 

-0.11 

38.2 

1 

-0.13 

34.8 

0.99 

-0.15 

30.15 

0.92 

-0.17 

25.17 

0.84 

-0.19 

22.78 

0.8 

-0.21 

17.48 

0.7 

-0.23 

16.82 

0.69 

-0.25 

13.4 

0.61 

-0.27 

12.06 

0.58 

-0.29 

10.47 

0.54 

-0.31 

8.55 

0.49 

-0.33 

8.05 

0.48 

-0.35 

6.75 

0.44 

-0.37 

6.47 

0.43 

-0.39 

5.54 

0.4 

-0.42 

4.19 

0.24 

-0.46 

3.64 

0.23 

-0.5 

2.64 

0.19 

-0.54 

2.15 

0.18 

-0.58 

1.66 

0.16 

-0.65 

1.227 

0.089 

-0.75 

0.687 

0.068 

-0.85 

0.598 

0.065 

-0.95 

0.337 

0.049 

-1.05 

0.226 

0.041 

-1.15 

0.197 

0.039 

-1.25 

0.234 

0.043 

-1.35 

0.131 

0.033 

-1.45 

0.125 

0.033 
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Table 19: continued 


t(GeV 2 ) 

Experimental 

Cross Section ( [ n ] J 2 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-1.55 

0.052 

0.021 

-1.65 

0.055 

0.023 

-1.75 

0.059 

0.025 

-1.85 

0.043 

0.021 

-1.95 

0.046 

0.022 


70 




Table 20: Data for Figure 29 [18] at pi a b = 6.00 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV 2 ’ 

Experimental 
Uncertainty ( ) 

0.000 

93.6 

3.3 

-0.045 

62.8 

1.9 

-0.055 

61.4 

1.7 

-0.065 

52.7 

1.6 

-0.075 

46.2 

1.5 

-0.085 

42.3 

1.4 

-0.095 

38.9 

1.4 

-0.11 

35.57 

0.95 

-0.13 

31.56 

0.89 

-0.15 

27.25 

0.83 

-0.17 

21.74 

0.74 

-0.19 

20.11 

0.71 

-0.21 

17.38 

0.66 

-0.23 

14.61 

0.61 

-0.25 

12.9 

0.57 

-0.27 

10.43 

0.51 

-0.29 

9.34 

0.49 

-0.31 

7.44 

0.43 

-0.33 

6.14 

0.39 

-0.35 

5.79 

0.38 

-0.37 

5.09 

0.36 

-0.39 

4.91 

0.35 

-0.42 

4.05 

0.23 

-0.46 

2.7 

0.19 

-0.5 

2.37 

0.17 

-0.54 

1.77 

0.15 

-0.58 

1.35 

0.13 

-0.65 

0.982 

0.076 

-0.75 

0.579 

0.059 

-0.85 

0.321 

0.045 

-0.95 

0.262 

0.041 

-1.05 

0.134 

0.029 

-1.15 

0.146 

0.031 

-1.25 

0.065 

0.021 

-1.35 

0.074 

0.022 

-1.45 

0.064 

0.021 

-1.55 

0.058 

0.020 
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Table 20: continued 


t(GeV 2 ) 

Experimental 

Cross Section ( [ n ] J 2 ) 
v GeV 2 ; 

Experimental 
Uncertainty ( ) 

-1.65 

0.048 

0.019 

-1.75 

0.035 

0.016 

-1.85 

0.022 

0.012 
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Table 21: Data for Figure 30 [19] at pi a j, = 9.0 GeV. 


t(GeV 2 ) 

Uncertainty 
t (GeV 2 ) 

Experimental 

Cross Section ( J. n l } r o ) 
v GeV 2 ’ 

Experimental 
Uncertainty ( ) 

-0.71 

0.02 

290 

15 

-0.73 

0.02 

286 

15 

-0.75 

0.02 

234 

12 

-0.77 

0.02 

249 

13 

-0.79 

0.02 

202 

11 

-0.81 

0.02 

214 

12 

-0.83 

0.02 

182 

10 

-0.85 

0.02 

156 

9.4 

-0.87 

0.02 

138 

8.7 

-0.89 

0.02 

121 

7.7 

-0.91 

0.02 

107 

7.1 

-0.93 

0.02 

113 

7.6 

-0.95 

0.02 

90.3 

6.5 

-0.97 

0.02 

80.5 

5.9 

-0.99 

0.02 

78.4 

6 

-1.01 

0.02 

69.8 

5.6 

-1.03 

0.02 

64.5 

5.2 

-1.05 

0.02 

58 

5.1 

-1.07 

0.02 

41.8 

4 

-1.09 

0.02 

39.8 

4 

-1.15 

0.1 

35 

1.7 

-1.25 

0.1 

22.9 

1.4 

-1.35 

0.1 

17.7 

1.3 

-1.45 

0.1 

12.6 

1 

-1.55 

0.1 

9.69 

0.94 

-1.65 

0.1 

12.17 

1.14 

-1.75 

0.1 

8.59 

0.93 

-1.85 

0.1 

6.7 

0.77 

-1.95 

0.1 

5.93 

0.76 

-2.1 

0.2 

4.17 

0.42 

-2.3 

0.2 

3.11 

0.37 

-2.5 

0.2 

3.09 

0.41 

-2.75 

0.3 

2.26 

0.28 

-3.05 

0.3 

1.27 

0.23 

-3.35 

0.3 

1.18 

0.27 

-3.65 

0.3 

1.19 

0.26 

-4 

0.4 

0.44 

0.15 
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Table 21: continued 


t(GeV 2 ) 

Uncertainty 
t (GeV 2 ) 

Experimental 

Cross Section ( ) 

GeV 

Experimental 
Uncertainty ( (-')!}% ) 

-4.4 

0.4 

0.32 

0.1 

-4.8 

0.4 

0.17 

0.1 
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Table 22: Data for Figure 31 [20] at pi a b = 10.4 GeV. Note 
that 1.0E+01 is defined as l.OxlO 1 . 


t(GeV 2 ) 

Experimental 

Cross Section ( [ n ] J 2 ) 
v GeV ’ 

Experimental 
Uncertainty ( f ^ 

-0.025 

7.514E+01 

5.140E-01 

-0.035 

6.688E+01 

4.752E-01 

-0.045 

6.184E+01 

4.443E-01 

-0.055 

5.660E+01 

4.174E-01 

-0.065 

5.167E+01 

3.907E-01 

-0.075 

4.788E+01 

3.761E-01 

-0.085 

4.334E+01 

3.578E-01 

-0.095 

3.973E+01 

3.463E-01 

-0.105 

3.721E+01 

3.295E-01 

-0.115 

3.354E+01 

3.148E-01 

-0.125 

3.123E+01 

3.001E-01 

-0.135 

2.884E+01 

2.872E-01 

-0.145 

2.677E+01 

2.801E-01 

-0.155 

2.412E+01 

2.589E-01 

-0.165 

2.185E+01 

2.494E-01 

-0.175 

1.996E+01 

2.397E-01 

-0.185 

1.873E+01 

2.294E-01 

-0.195 

1.759E+01 

2.239E-01 

-0.205 

1.581E+01 

2.116E-01 

-0.215 

1.492E+01 

2.060E-01 

-0.225 

1.412E+01 

1.979E-01 

-0.235 

1.270E+01 

1.869E-01 

-0.245 

1.168E+01 

1.826E-01 

-0.255 

1.065E+01 

1.751E-01 

-0.265 

9.933E+00 

1.693E-01 

-0.275 

9.283E+00 

1.666E-01 

-0.285 

8.343E+00 

1.615E-01 

-0.295 

8.150E+00 

1.630E-01 

-0.305 

7.522E+00 

1.576E-01 

-0.315 

6.884E+00 

1.528E-01 

-0.325 

6.526E+00 

1.515E-01 

-0.335 

5.686E+00 

1.489E-01 

-0.345 

5.598E+00 

1.463E-01 

-0.355 

5.150E+00 

1.431E-01 

-0.365 

4.993E+00 

1.427E-01 

-0.375 

4.339E+00 

1.341E-01 
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Table 22: continued 


t(GeV 2 ) 

Experimental 

Cross Section ( ) 

v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.385 

4.214E+00 

1.362E-01 

-0.395 

3.597E+00 

1.275E-01 

-0.410 

3.011E+00 

8.478E-02 

-0.430 

2.798E+00 

8.154E-02 

-0.450 

2.355E+00 

7.958E-02 

-0.470 

2.113E+00 

7.694E-02 

-0.490 

1.672E+00 

6.929E-02 

-0.510 

1.822E+00 

7.162E-02 

-0.530 

1.328E+00 

6.208E-02 

-0.550 

1.142E+00 

5.769E-02 

-0.570 

8.937E-01 

5.334E-02 

-0.590 

7.854E-01 

4.874E-02 

-0.625 

6.785E-01 

2.949E-02 

-0.675 

4.553E-01 

2.495E-02 

-0.725 

3.598E-01 

2.245E-02 

-0.775 

2.075E-01 

1.695E-02 

-0.825 

1.602E-01 

1.549E-02 

-0.875 

1.154E-01 

1.298E-02 

-0.925 

5.571E-02 

1.051E-02 

-0.975 

4.856E-02 

9.548E-03 

-1.050 

3.252E-02 

6.097E-03 

-1.150 

1.944E-02 

4.355E-03 

-1.250 

2.592E-02 

6.062E-03 

-1.350 

2.032E-02 

6.458E-03 

-1.450 

1.539E-02 

5.617E-03 
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Table 23: Data for Figure 32 [21] at pi a b = 9.43 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00079 

611.34 

14.49 

-0.00095 

491.5 

12.67 

- 0.00112 

390 

6.3 

-0.00130 

304.58 

7.21 

-0.00150 

272.56 

3.89 

-0.00171 

230.66 

6.67 

-0.00172 

245.54 

5.85 

-0.00194 

206.38 

3.58 

-0.00218 

188.17 

4.27 

-0.00244 

164.52 

2.98 

-0.00271 

160.36 

4.41 

-0.00299 

149.16 

2.72 

-0.00329 

146.02 

3.81 

-0.00360 

135.4 

3.37 

-0.00361 

136.46 

2.81 

-0.00393 

128.64 

3.14 

-0.00426 

128.67 

3.42 

-0.00462 

117.64 

3.34 

-0.00499 

114.14 

2.81 

-0.00537 

113.97 

2.54 

-0.00576 

109.31 

1.69 

-0.00618 

105.82 

2.42 

-0.00660 

107.52 

2.32 

-0.00704 

105.54 

2.6 

-0.00749 

104.55 

2.67 

-0.00796 

100.65 

2.26 

-0.00846 

99.64 

2.1 

-0.00895 

97.45 

1.41 

-0.00947 

95.99 

2 

-0.00999 

96.24 

1.94 

-0.01052 

94.15 

2.2 

-0.01108 

91.37 

2.2 

-0.01165 

90.53 

1.92 

-0.01283 

88.66 

1.61 
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Table 24: Data for Figure 33 [21] at pi a b = 13.16 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^ 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00920 

86.18 

1.04 

-0.01141 

83.7 

1.8 

-0.01358 

82.34 

1.8 

-0.01541 

80.29 

1.04 

-0.01718 

79.67 

1.8 

-0.01914 

75.85 

1.16 

-0.02759 

65.9 

1.8 

-0.03004 

66.62 

1.8 

-0.04509 

55.59 

1.8 

-0.04702 

50.34 

1.8 

-0.04898 

52.55 

1.27 

-0.05139 

51.72 

1.8 

-0.05468 

53.57 

1.8 

-0.06606 

42.88 

1.8 

-0.06837 

42.04 

1.8 

-0.07071 

44.43 

1.27 

-0.07357 

39.26 

1.8 

-0.07747 

40.33 

1.8 

-0.07865 

36.81 

0.68 

-0.09634 

31.92 

1.27 

-0.09964 

31.19 

1.8 

-0.10412 

29.2 

1.8 
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Table 25: Data for Figure 34 [21] at pi a b = 15.52 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00890 

85.6 

1.01 

-0.01109 

83.44 

1.01 

-0.01644 

77.63 

0.9 

-0.01906 

75.71 

1.17 

-0.02663 

69.8 

2.02 

-0.02859 

64.21 

1.43 

-0.03053 

66.12 

1.43 

-0.03635 

58.57 

0.76 

-0.04632 

54.73 

2.02 

-0.04830 

54.21 

2.02 

-0.05032 

51.44 

1.43 

-0.05303 

50.3 

1.43 

-0.05617 

46.81 

2.02 

-0.06739 

45.02 

1.43 

-0.06925 

42.73 

2.02 

-0.07116 

41.33 

1.17 

-0.07263 

39.91 

1.43 

-0.07557 

40.04 

2.02 

-0.07600 

40.14 

2.02 

-0.07963 

38.21 

0.7 

-0.08078 

36.39 

0.76 

-0.09487 

30.5 

2.02 

-0.09713 

30.81 

1.17 

-0.09894 

29.41 

1.43 

-0.10249 

29.08 

1.43 

-0.10512 

28.32 

2.02 

-0.10692 

29.68 

2.02 
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Table 26: Data for Figure 35 [21] at pi a b = 19.23 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00106 

365.07 

4.36 

-0.00125 

302.48 

5.53 

-0.00146 

244.08 

4.7 

-0.00168 

209.18 

2.68 

-0.00191 

192.49 

4.55 

-0.00192 

185.92 

2.77 

-0.00217 

159.26 

3.22 

-0.00244 

142.13 

3.01 

-0.00272 

145.23 

2.13 

-0.00302 

127.57 

2.84 

-0.00334 

121.77 

1.96 

-0.00366 

114.03 

1.72 

-0.00367 

120.17 

2.26 

-0.00401 

106.1 

3.31 

-0.00402 

110.77 

1.88 

-0.00437 

108.16 

5.19 

-0.00475 

103.23 

2.31 

-0.00514 

101.42 

2.11 

-0.00555 

98.58 

2.09 

-0.00597 

93.79 

1.34 

-0.00642 

93.34 

0.99 

-0.00687 

94.82 

2.65 

-0.00734 

89.1 

3.82 

-0.00782 

86.82 

1.85 

-0.00833 

87.55 

1.73 

-0.00885 

84.14 

1.71 

-0.00940 

86.86 

1.15 

-0.00994 

82.92 

0.84 

-0.01052 

82.53 

2.23 

- 0.01110 

78.41 

3.49 

-0.01169 

78.93 

1.64 

-0.01231 

78.08 

1.51 

-0.01294 

79.83 

1.52 

-0.01359 

77.8 

1.29 

-0.01426 

77.15 

1.11 
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Table 27: Data for Figure 36 [21] at pi a b = 24.56 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.01085 

78.87 

1.06 

-0.01515 

75.32 

0.82 

-0.01691 

73.9 

0.82 

-0.02042 

68.61 

1.06 

-0.02759 

63.66 

0.75 

-0.02948 

62.46 

1.29 

-0.03099 

62.76 

1.29 

-0.03215 

57.95 

1.83 

-0.03781 

57.07 

0.4 

-0.04891 

48.45 

1.29 

-0.05030 

47.2 

1.83 

-0.05230 

48.55 

0.75 

-0.05523 

47.59 

1.06 

-0.05847 

45.48 

1.29 

-0.07044 

40.02 

1.29 

-0.07267 

38.37 

1.06 

-0.07547 

37.39 

0.75 

-0.07921 

37.27 

1.29 

-0.08341 

34.45 

0.6 

-0.08410 

32.61 

0.69 

-0.09696 

27.35 

1.29 

-0.09886 

28.66 

1.06 

-0.10009 

28.64 

1.83 

-0.10277 

28.94 

0.75 

-0.10678 

27.58 

1.06 

-0.11089 

25.29 

1.06 
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Table 28: Data for Figure 37 [21] at pi a b = 27.53 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

-0.00929 

81.53 

0.66 

-0.01094 

77.86 

1.15 

-0.01234 

77.22 

1.15 

-0.01524 

74.4 

0.81 

-0.01705 

71.7 

0.81 

-0.01877 

72.18 

1.15 

-0.02059 

68.29 

1.15 

-0.02972 

60.63 

1.41 

-0.03126 

59.75 

1.41 

-0.03240 

61.35 

1.99 

-0.03812 

56.53 

0.44 

-0.04861 

46.7 

1.99 

-0.05054 

44.84 

1.41 

-0.05273 

46.44 

0.81 

-0.05532 

46.38 

1.41 

-0.05640 

46.63 

1.99 

-0.05894 

46.14 

1.41 

-0.07134 

37.38 

1.15 

-0.07326 

36.77 

1.15 

-0.07581 

37.85 

1.41 

-0.07622 

35.58 

1 

-0.07917 

36.08 

1.41 

-0.08043 

35.56 

1.99 

-0.08319 

34.33 

1.15 

-0.08461 

33.71 

0.53 

-0.09773 

27.49 

1.41 

-0.09934 

28.56 

1.41 

-0.10060 

27.72 

1.41 

-0.10360 

27.83 

0.81 

-0.10716 

28.03 

1.41 

-0.10859 

24.98 

1.99 

- 0.11120 

26.77 

1.99 

-0.11207 

24.37 

1.41 
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Table 29: Data for Figure 38 [21] at pi a b = 30.45 GeV. 


t(GeV 2 ) 

Experimental 

Cross Section ( 7 ^x 72 ) 
v GeV 2 ' 

Experimental 
Uncertainty ( ) 

- 0.01101 

77.01 

0.82 

-0.01889 

69.98 

0.82 

-0.02787 

60.05 

0.82 

-0.02883 

61.12 

0.64 

-0.03075 

57.81 

1.43 

-0.03239 

59.44 

1.01 

-0.03837 

55.61 

0.31 

-0.04927 

48.32 

1.01 

-0.05069 

47.65 

0.82 

-0.05307 

47.41 

0.58 

-0.05567 

45.1 

1.01 

-0.05678 

46.53 

1.43 

-0.05911 

45.87 

0.82 

-0.07146 

38.97 

1.01 

-0.07319 

36.88 

0.82 

-0.07411 

40.03 

1.43 

-0.07657 

37.1 

0.58 

-0.07966 

35.32 

1.01 

-0.08097 

32.49 

1.43 

-0.08373 

33.5 

0.82 

-0.08515 

33.42 

0.38 

-0.09873 

27.26 

0.82 

-0.10098 

27.83 

0.82 

-0.10396 

26.86 

1.01 

-0.10441 

27.37 

0.79 

-0.10783 

25.56 

1.01 

-0.10931 

23.35 

1.43 

-0.11193 

24.18 

1.43 

-0.11277 

24.39 

1.01 
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Table 30: Data for Figure 39 [22] at pi a b = 9.900 GeV. 





Table 31: Data for Figure 40 [22] at pi a b = 15.100 GeV. Note 
that 1.0E+01 is defined as l.OxlO 1 . 



Experimental 

Experimental 

t(GeV 2 ) 

Cross Section ( [ n ] J 2 ) 
v GeV ’ 

Uncertainty ( f ^ 

0.000 

84.2 

0 

-0.027 

71.4 

3 

-0.038 

62.5 

2.6 

-0.051 

52.2 

2.2 

-0.066 

47.1 

2 

-0.082 

43.5 

1.8 

-0.100 

36.7 

1.5 

-0.120 

30.3 

1.2 

-0.141 

24.5 

1 

-0.165 

20 

0.8 

-0.190 

16.4 

0.7 

-0.217 

13 

0.6 

-0.275 

6.7 

0.28 

-0.307 

5.48 

0.23 

-0.341 

4.6 

0.19 

-0.376 

3.91 

0.16 

-0.452 

1.87 

0.08 

-0.492 

1.35 

0.06 

-0.534 

0.98 

0.04 

-0.578 

0.69 

0.03 

-0.623 

0.449 

0.019 

-0.683 

0.265 

0.013 

-0.732 

0.177 

0.010 

-0.783 

0.121 

0.007 

-0.834 

0.086 

0.006 

-0.888 

0.059 

0.004 

-2.055 

2.54E-003 

1.50E-004 

-2.134 

2.21E-003 

1.30E-004 

-2.214 

2.08E-003 

1.30E-004 

-2.294 

1.75E-003 

1.10E-004 

-2.376 

1.53E-003 

1.10E-004 

-4.708 

4.35E-005 

1.03E-005 

-4.914 

2.96E-005 

9.00E-006 




Table 32: Data for Figure 41 [22] at pi a b = 20.000 GeV. Note 
that 1.0E+01 is defined as l.OxlO 1 . 



Experimental 

Experimental 

t(GeV 2 ) 

Cross Section ( [ n ] J 2 ) 
v GeV ’ 

Uncertainty ( f ^ 

0.000 

80.7 

0 

-0.032 

62.6 

2.5 

-0.048 

54.1 

2.2 

-0.067 

43.4 

1.7 

-0.090 

34.5 

1.4 

-0.115 

27.8 

1.1 

-0.144 

21.6 

0.9 

-0.176 

16.5 

0.7 

-0.211 

12.2 

0.5 

-0.249 

8.61 

0.34 

-0.290 

6.09 

0.24 

-0.334 

4.18 

0.17 

-0.381 

2.83 

0.11 

-0.433 

1.78 

0.07 

-0.486 

1.1 

0.05 

-0.542 

0.658 

0.028 

-0.601 

0.453 

0.020 

-0.664 

0.258 

0.013 

-0.732 

0.145 

0.006 

-0.800 

0.085 

0.004 

-0.871 

0.0436 

0.0017 

-0.945 

0.0252 

0.0010 

-1.022 

0.0145 

0.0010 

-1.102 

6.87E-003 

7.30E-004 

-1.203 

6.41E-003 

4.60E-004 

-1.287 

4.72E-003 

3.90E-004 

-1.375 

4.07E-003 

3.30E-004 

-1.464 

3.60E-003 

3.10E-004 

-1.557 

3.41E-003 

3.00E-004 

-3.580 

8.30E-005 

2.50E-005 

-3.847 

6.30E-005 

1.90E-005 




Table 33: Data for Figure 42 [22] at pi a b = 29.700 GeV. Note 
that 1.0E+01 is defined as l.OxlO 1 . 



Experimental 

Experimental 

t(GeV 2 ) 

Cross Section ( [ n ] J 2 ) 
v GeV ’ 

Uncertainty ( f ^ 

0.000 

71 

0 

-0.079 

37.4 

1.9 

-0.097 

30.6 

1.6 

-0.116 

25 

1.2 

-0.137 

19.5 

1 

-0.160 

15.3 

0.8 

-0.184 

12.2 

0.6 

-0.211 

9.5 

0.4 

-0.238 

7.8 

0.4 

-0.268 

6.1 

0.3 

-0.299 

4.8 

0.3 

-0.333 

3.44 

0.18 

-0.367 

2.66 

0.13 

-0.382 

2.28 

0.12 

-0.458 

1.18 

0.06 

-0.541 

0.57 

0.03 

-0.630 

0.257 

0.013 

-0.726 

0.113 

0.005 

-0.834 

0.040 

0.002 

-0.943 

0.0138 

0.0014 

-1.060 

5.50E-003 

9.00E-004 

-1.181 

3.20E-003 

6.00E-004 

-1.320 

1.66E-003 

2.90E-004 

-1.450 

2.23E-003 

3.30E-004 

-1.590 

1.68E-003 

2.90E-004 

-1.740 

1.14E-003 

1.20E-004 

-1.890 

8.40E-004 

1.20E-004 

-2.050 

8.20E-004 

1.10E-004 

-2.210 

5.90E-004 

9.00E-005 

-2.780 

3.60E-004 

1.60E-004 
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